Quantitative description of the interaction between doxorubicin (DOX), a broadly used anticancer drug, and DNA is the key to understand the action mechanism and side effects of its clinical use. However, the reported equilibrium constants of DOX-DNA interaction obtained using a range of different analytical methods vary even by several orders of magnitude. Herein, we propose a novel application of a singlemolecule technique -fluorescence correlation spectroscopy (FCS) -to probe the interaction between DOX and two types of DNA (pUC19 and calf thymus DNA), taking advantage of intrinsic self-fluorescence of DOX. We provide an analytical formula for autocorrelation analysis to determine the equilibrium constant of DOX-DNA complex-formation, where binding of multiple DOX molecules to a DNA chain is included in the reaction-diffusion model. Our FCS-based method not only quantitatively revealed the values of equilibrium constant, but also implied that the stability of DOX-DNA complex is related to the types of base pair rather than the length or structure of the DNA. This work opens a promising pathway toward quantitative determination of molecular interactions in complex systems such as living cells or organisms at single-molecule level.
Introduction
Doxorubicin (DOX), an important member of the anthracycline antibiotics family, is one of the most effective anticancer drugs ever developed in the chemotherapeutic treatment of various tumors such as hematological malignancies, carcinoma, soft tissue sarcomas, etc. [1] [2] [3] Numerous studies have been performed to reveal its anticancer mechanism, including i.e. DOX-DNA adduct formation, topoisomerase II poisoning. [3] [4] [5] Clearly, formation of DOX-DNA adduct is the key step, where the planar DOX molecule intercalates between the base pairs (BP) of double-stranded DNA (dsDNA) and anchors its sugar moieties in the DNA minor groove. This inhibits the replication and transcription processes of DNA, eventually leading to cell apoptosis. 4, 6 Considerable effort has been put into quantitative studies the DOX-DNA interaction using a variety of methods in recent decades, 7 such as fluorescence spectroscopy, [8] [9] [10] [11] circular dichroism, [8] [9] [10] UV-visible spectrometry, 8, 11 isothermal titration calorimetry, 8, 9 X-ray crystallography, 12, 13 and computer simulations. 8, 14, 15 However, the reported values of equilibrium constants for this interaction, ranging from 10 4 to 10 8 M À1 , are highly inconsistent. The challenge is largely related to the fact that multiple DOX molecules bind to a single DNA chain, so that a series of consecutive reactions and a multitude of interconnected equilibria need to be considered. Therefore, an accurate, well-controlled experimental approach with an appropriate theoretical apparatus for data analysis is necessary to obtain reliable results.
Fluorescence correlation spectroscopy (FCS), first introduced by Magde et al. in the early 1970s, [16] [17] [18] is an ideal experiment tool that can be used for investigations of molecular interactions with single molecule sensitivity. [19] [20] [21] FCS provides more precise values in the determination of molecular interactions in comparison with classical methods, since bigger errors may be introduced to the system in the latter case where much larger amount (several orders of magnitude) of reactants are required. In principle, FCS records the fluctuations in the fluorescence intensity of probes diffusing within a femtoliter focal volume (0.2 f L, FV) created by the excitation laser beam. Autocorrelation of such signal reveals the characteristic time-scales of fluorescence fluctuations, which correspond to the time of residence of probes inside the focal volume. Application of an appropriate theoretical model to the resulting autocorrelation curve allows to retrieve a variety of physicochemical information on the system of interest, such as diffusion coefficients, conformational changes, a Department of Soft Condensed Matter, Institute of Physical Chemistry, singlet-triplet dynamics, reaction rate and equilibrium constants. [22] [23] [24] [25] [26] [27] [28] Due to the lack of suitable models for data analysis, however, application of FCS to the kinetic studies of biochemical reactions has not been widely reported since the idea was initially conceived by Manfred Eigen and Rudolf Rigler in 1993. 29 In this work, we demonstrate an application of label-free FCS method to quantification of DOX-DNA interaction in a reaction-diffusion model, taking advantage of the intrinsic fluorescence of DOX. 30 We derive a new formula for the autocorrelation function of FCS, allowing to determine the equilibrium constant of typical complex formation in a variety of biochemical reactions where multiple binding of ligands (e.g., DOX) to macromolecules (e.g., DNA) is involved ( Fig. 1a and b ). The formula is validated by our experimental study of interaction between DOX and two types of dsDNA, namely, plasmid DNA (pUC19) and calf thymus DNA (ctDNA).
Experiments and theory
Materials Doxorubincin hydrochloride (DOXÁHCl, Z99%) was purschased from Santa Cruz Biotechnology Inc, USA. Dye rhodamine 110 chloride (Rh110, Z99%) was purcahsed from Sigma-Aldrich Inc. Plasmid DNA pUC19 and calf thymus DNA (ctDNA) were bought from Thermo Fisher Scientific and Merck Inc, respectively. All DNA samples were diluted in Tris-HCl solutions (pH 7.4, I = 10 mM) for each experimental use; samples were freshly prepared prior to every experiment. All chemicals were used without further purification if not specified otherwise.
FCS setup
The fluorescence correlation spectroscopy (FCS) experiments were performed on a Nikon EZ-C1 inverted confocal microscope with a 60Â/1.2 water immersion objective (Nikon Plan Apo). The system was equipped with PicoQuant upgrade kit consisting of Micro Photon Devices (Milan, Italy) SPAD detectors and PicoHarp 300 TCSPC module. Lab-Tek 8-well chambers were used as sample containers. All experiments were conducted at 25 1C using a 488 nm argon-ion laser (PicoQuant GmbH, Germany) for illumination. The focal volume (FV) of FCS was calibrated by the standard dye Rh110 at the every beginning of each measurement. During all measurements the laser power were set at a constant value of 100 mW using a laser power meter (PM100, Thorlabs) and the FV was at a constant distance of 10 mm from the edge of the chamber. All DNA solutions were prepared with a fixed DOX concentration of 50 nM and each measurement (duration 200 s) was repeated at least five times. The generated autocorrelation function (ACF) curves were analysed using SymPhoTime 64 software and gnuplot (version 4.5).
Formation of DOX-DNA complexes
Considering that the sizes of DNA molecule we used are much larger (about two orders of magnitude) than the DOX, we describe the formation of DOX-DNA complexes using the ligands-macromolecule interaction model: 31 consecutive binding of DOX ligands to the multiple active site in a dsDNA chain until saturation of the chain achieves. And because all the binding sites in the dsDNA chain are uniformly composed of GC and/or AT BPs, we assume that they are identical to DOX so that every binding step occurs independently and has the same value of equilibrium constant K (see Fig. 1a ). In analogy to reversible chemical reactions, the binding process of subsequent DOX molecules to every individual sites in a dsDNA chain to form a DOX-DNA complex (CP) can be expressed as:
where n is the total number of binding sites available for DOX in the single dsDNA chain. It is calculated as the quotient from the length of dsDNA chain (i.e., BP number, equal to 2686 for pUC19 and 13 200 on average for ctDNA 32 ) to the size of binding site for single DOX molecule to occupy in the chain (i.e., exclusion parameter, equal to 3.1 BPs per site 33, 34 ). Then we obtain n equal to 866.5 for pUC19 and 4258 for ctDNA, in respective.
Results and discussion
To study the formation of DOX-DNA complexes, we performed FCS measurements of DOX (50 nM) diffusing in Tris-HCl (pH 7.4, I = 10 mM), as well as Tris-HCl solutions of pUC19 and ctDNA. Diffusion of DOX in the buffer exhibited a typical singlecomponent profile according to the recorded autocorrelation function (ACF) (see Fig. 1c ). In contrast, we observed a second, slow components emerging at the long lag time region of experimental ACFs in the case of DOX diffusing in the solutions of pUC19 and ctDNA. Since the diffusion coefficient of DOX in the buffer (D DOX = 4.2 Â 10 À10 m 2 s À1 ) was much higher than the characteristic values for DNA chains (0.06 Â 10 À10 m 2 s À1 for pUC19 35 and 0.02 Â 10 À10 m 2 s À1 for ctDNA; 36 see Sections S1 and S2 in ESI † for details), the two contributions could be clearly discriminated, demonstrating the formation of DOX-DNA complexes in a reaction-diffusion model. Moreover, the slow component in the ACF of ctDNA shifted to even longer lag time region than that of pUC19, reflecting the lower diffusion coefficient of ctDNA in comparison with pUC19.
To determine the value of K, we recorded the diffusion of DOX in the two DNA solutions of various concentrations. To account for the fact that each only BP is considered in the reaction rather than full DNA chains, DNA concentrations are given in terms of BP concentrations (calculated as a product of DNA molar concentration and number of base pairs in the chains). As expected, we observed a gradually increase of the amplitudes of slow component as the BP concentration from the experimental ACFs (Fig. 2) . Accordingly we fitted the curves with the standard two-component, 3D diffusion model: 21, 37 
where k is the ratio of long (L) to short radii (H) of the FV. The values of k and two FV radii were determined by the routine calibration procedure using dye Rh110 prior to every experiment (see Section S1 in ESI † for details). The diffusion times of DOX-DNA complexes and free DOX within the FV, t CP and t DOX in eqn (1), are fixed parameters. Their values were determined from the relation t = L 2 /4D, where we assumed that the diffusion coefficients of complexes were the same as those of DNA molecules (i.e., D CP = D DNA ). A b and A f are fitting parameters (1) . DNA concentrations are reported in terms of base pairs (BP) rather than DNA chains to account for the fact that the number of binding sites for DOX depends on the BP number. DOX features very short triplet lifetime compared to its diffusion time through the FV (for data see Section S1 in ESI †), so the triplet contribution did not interfere with the autocorrelation fitting. Inset: Determined ratios of fluorescence contributions from bound DOX to free DOX, A b /A f , as a function of BP concentration using eqn (1) .
corresponding to the fractions of fluorescence emitted from the DOX-DNA complex and free DOX, respectively, to the apparent amplitude N of ACF. Such analysis procedure yielded high quality fits for all the samples, revealing no systematic deviations in the residuals (Fig. 2) . The ratios of A b to A f increased gradually with the BP concentration, indicating gradual formation of DOX-DNA complexes (insert of Fig. 2) . DOX fluorescence is partially quenched after binding to DNA probably due to the alternative, non-radiative relaxation of the excited DOX molecule when it intercalates between the BPs of a dsDNA chain [8] [9] [10] 13 (for fluorescence specta see Section S3 of ESI †), while apparent total brightness of a DOX-DNA complex is proportional to the number of DOX molecules bound to the DNA chain. Also, contribution of a given population of fluorescent probes to the ACF depends quadratically on their brightness. Taking these factors into account, we derived a formula relating the equilibrium constant K to the A b /A f ratio obtained from FCS (derivation details available in Section S4 of ESI †):
(2)
where Although the equilibrium constant only depends on the temperature of system, the brightness ratios of free DOX to DNA-bound DOX (B f /B b ) is a crucial parameter for quantitative determination of K value using FCS according to eqn (2) . To establish it, we recorded the countrates (i.e. number of detected photons per time unit) of free DOX in Tris-HCl (CR f ) and DNA solutions of various concentrations (CR b ). As expected, the detected net countrate (with background noise deducted) dropped from B4 kcps (thousands of counts per second) to B0.4 kcps with increasing DNA concentration, indicating that more and more DOX molecules was in the bound state ( Fig. 3) . Once the DNA concentration was so high that nearly all the DOX molecules attached to the DNA chains, the net countrate values levelled off. Since the DOX concentration was the same across all samples, the ratio of net counrates is congruent with the ratio of molecular brightness values, i.e. B f /B b = CR f /CR b . For DOX in pUC19 and ctDNA solutions, we obtain B f /B b = 9.0 AE 0.1 and 10.7 AE 0.1, respectively. We attribute the slight difference between these two values to the differences in the BP contents of two studied DNA.
Substituting the determined values of B f /B b into eqn (2), we obtained the equilibrium constants for DOX-pUC19 and DOX-ctDNA interactions by fitting the calculated values of
as a function of [DNA] 0 (see Fig. 4 ). The fitted values of K, (1.4 AE 0.3) Â 10 6 M À1 for the formation of DOX-pUC19 complexes and (1.0 AE 0.1) Â 10 6 M À1 for DOX-ctDNA ones, demonstrate the strong interaction between DOX and DNA and remarkable stability of the complexes. Taking the fitting errors into accounts, we find the two equilibrium constants are close to each other. This result agrees with our preliminary assumption that all binding sites for DOX are roughly identical. Therefore, we infer that the equilibrium constant of DOX-DNA complex-formation may be independent of the type of DNA but depends on BP type. The small differences in the two obtained values of equilibrium constants may stem from the differences in contents of GC base pairs between pUC19 (51%) and ctDNA chains (42%), since higher affinity of DOX to GC base pairs was reported. 9 However, a comprehensive study using the DNA or polynucleotide with known BP composition and sequence would be needed to confirm this.
The equilibrium constant of DOX-ctDNA interaction determined by FCS in this work falls within the range of major published values from other methods, although other values were also reported (see Table 1 for comparisons). Differences in the published values of K in Table 1 probably originate from the different ionic strength and pH of buffers they applied, since the electrostatic interactions partially influence the formation of DOX-DNA complex. 8 It is worthy to note that only nanomolar concentration of DOX is needed in our FCS-based method, which is orders of magnitude smaller than the others, reflecting the DOX-DNA interaction at single-molecule level. However, in this work we did not distinguish the binding sequence of DOX to the multiple independent sites of DNA, which is a major concerning in the studies of interaction between polynucleotides and ligands. The classical methods may provide much more detailed information on this question. 38, 39 
Conclusions
The proposed FCS-based method for determination of equilibrium constant is relevant to any reactions involving multiple ligands or cofactors binding to a single macromolecule. In this work, we demonstrated an application of label-free FCS on a clinically important example of DOX-DNA interaction in vitro, taking advantage of the intrinsic fluorescence of DOX. Our method not only precisely reveal the K value, but also imply that it is related to the GC content rather than the total length or structure (linear, circular) of the DNA. Additional comprehensive studies using a broader range of DNA or polynucleotides with known sequences would provide more adequate evidences. The presented analytical strategy should prove particularly useful in biochemical studies (e.g. protein-DNA or drug-DNA interactions), offering a possibility to perform measurements directly in living cells with single molecule sensitivity.
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